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(54) Underwater laser imaging apparatus 

(57) A simulation method for imaging of an under- 
water object is performed by simulating the object with 
a test panel having several strips of different brightness, 
and irradiating the test panel with a pulsed laser beam 
having three primary colors. From the reflected beam 
pulses, contrast values of the test stripes are computed 
for reflected pulses of each color in relation to the tur- 
bidity and visibility distance. The method may be used 
in conjunction with an imaging apparatus having a laser 
generation device which produces three primary colors 
of three different wavelengths; a laser beam detection 
device to receive the reflected beam pulses of respec- 
tive primary colors, to determine intensities of the re- 
flected beam pulses of respective primary colors, and 
to output three primary color signals to an image moni- 
toring device. The imaging system may also be ar- 
ranged so that a laser irradiation device, a laser beam 
detection device and an image monitoring device are ail 
placed underwater in a submersible vessel with appro- 



priate provisions for hydrostatic pressure and un- 
manned operation. 



FIG.l 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present Invention relates in particular to a tech- 
nology for observing an underwater object with a laser 
imaging apparatus. 

Description of the Related Art 

A Japanese Patent Application, First Publication, 
H7-072250 discloses an imaging technology, applicable 
to underwater marine construction projects and others, 
for reliably identifying an object disposed in a murky un- 
derwater environment with a laser-based imaging 
equipment. The laser imaging technology disclosed in 
this publication is based on projecting a pulsed laser 
beam towards a distant underwater object from an ob- 
servation/imaging unit, and producing images of the ob- 
ject by detecting the laser beam pulses reflected from 
the object. 

When using such an laser-based underwater obser- 
vation apparatus, the distance over which the object is 
observable (visibility) varies depending on the turbidity 
of the sea water (beam propagation medium). For this 
reason, it is necessary to decide where to locate the ob- 
servation equipment, depending on the turbidity of the 
environment. Also, depending on the operating charac- 
teristics of the observation equipment, such as pulsing 
rate, pulse width and pulse energy of the laser irradiation 
device, the settings for ancillary devices such as zoom 
lens and shutter speed of the camera also need to be 
adjusted. 

When it is desired to observe the object in its real- 
istic state in spite of the turbid state of the underwater 
environment, it is preferable to capture the image in 
color. For such reasons, there has been strong demand 
for a technology to enable observation of underwater 
objects in color. 

Furthermore, in the conventional arrangement de- 
scribed above, the beam pulses are delivered from a 
support vessel to a submersible vessel through optical 
fiber cable, resulting that the optical power of the output 
pulses is limited by the transmission capacity of the op- 
tical fiber cable. On the other hand, it is known that the 
clarity of the object image formed depends on the prop- 
erties of the laser pulses such as the coherency of the 
beam manifesting in narrow width of the pulse and high 
optical power. Thus, the problem in the conventional la- 
ser-based observation equipment is that it has not been 
possible to irradiate laser pulses of sufficiently high op- 
tical power towards the object to generate clear images. 

SUMMARY OF THE INVENTION 

The present invention relates to a solution to the 



problems outlined above, and the objectives can be 
summarized as follows. 

(a) To present a method of simulating the underwa- 
ter environment to facilitate the use of the underwa- 
ter laser imaging equipment; 

(b) To present a color imaging apparatus to enable 
viewing the underwater object in three primary 
colors; 

(c) To present a laser imaging apparatus for ena- 
bling to deliver a high intensity pulsed laser beam 
to the underwater object; 

(d) To present a laser imaging apparatus for ena- 
bling to decrease the pulse width of the pulsed laser 
beam radiating on the underwater object; 

(e) To present a laser imaging apparatus for ena- 
bling to produce clearer images than those pro- 
duced by conventional imaging apparatus. 

To achieve these objectives, a method is presented 
for simulating an imaging process of an underwater ob- 
ject comprising the steps of: preparing a test panel com- 
prising a plurality of reference brightness sections of dif- 
ferent reflective qualities for simulating the underwater 
object; irradiating a pulsed laser beam towards the test 
panel; and processing reflected beam pulses and com- 
puting contrast values of the reflected beam pulses, re- 
flecting from the reference brightness sections, in rela- 
tion to a turbidity value of a beam transmission medium 
and a visibility distance. 

Adopting this simulation method means that imag- 
ing simulation testing for an underwater object is carried 
out by using a test panel having different brightness sec- 
tions and computing contrast values of the reflected 
beam pulses, in terms of the turbidity of the transmission 
medium and the visibility distance, therefore, actual im- 
aging task is facilitated greatly because it is necessary 
to measure only the on-site turbidity of the transmission 
medium to obtain a relationship between the contrast 
values and the visibility distance to be expected in the 
existing environment. 

This method is superior, because it enables to pre- 
suppose the visibility distance, for example, necessary 
to generate a given degree of contrast in the on-site im- 
age so that the location and operational parameters of 
the imaging apparatus can be established in advance. 
This means that the location and the operating param- 
eters can be decided at the actual observation site, thus 
eliminating need for changes in the settings during the 
actual work so that the effort can be focused on the task 
of studying the underwater object rather than on adjust- 
ing the imaging parameters. 

The method of simulation is applied most effectively 
with a laser imaging apparatus comprising: a laser gen- 
eration device for generating three primary colors of vis- 
ible light, each color comprised by a pulsed laser beam 
having a respective wavelength, and irradiating pulsed 
laser beams towards the underwater object; a laser 
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beam detection device for separating reflected beam 
pulses reflecting from the underwater object into a 
wavelength component representing each of the three 
primary colors, determining an intensity value for each 
of three wavelength components and outputting three s 
primary color signals according to intensity values; and 
an imaging device for forming an image of the underwa- 
ter object based on the three primary color signals. 

By adopting this approach, images are made much 
more clearly visible because of the clear and high con- 
trast color images of the object produced by the appa- 
ratus provided with a laser generation device having 
three primary colors and analyzing the reflected beam 
pulses in terms of high intensity values for the individual 
colors and forming the images based on enhanced con- 
trast values of the three primary colors. 

A modification of the basic system of laser imaging 
apparatus comprises: a laser irradiation device dis- 
posed underwater for irradiating an underwater object 
with a pulsed laser beam; a laser generation device dis- 
posed underwater for generating the pulsed laser beam; 
a laser beam detection device for receiving reflected 
beam pulses reflected from the underwater object; and 
an image processing device for forming images of the 
underwater object according to output signals from the 
laser beam detection device. 

By using the apparatus presented above, a pulsed 
laser beam can be directed at the underwater object 
without transmitting the laser beam through an optical 
medium such as optical fibers which limit the laser en- 
ergy that can be transmitted, therefore, the underwater 
object may be scanned with a laser beam of higher en- 
ergy than that generated by conventional laser genera- 
tion apparatus. Furthermore, because the pulse energy 
of the beam can be increased to increase the energy of 
the reflected beam pulses, the pulse width may be de- 
creased thereby improving the resolution of the image. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic plan view of an embodiment 
of the underwater laser imaging apparatus of the 
present invention. 

Figure 2A is a plan view of a test pattern, for the 
apparatus of the present invention, used for simu- 
lation purposes. 

Figure 2B is a graph showing a relation between the 
intensity of reflected beam and shutter opening du- 
ration obtained during a simutation test. 
Figure 3 is a main flowchart showing the steps for 
a simulation test. 

Figure 4 is a detailed flowchart of a part of the main 
flowchart shown in Figure 3. 
Figure 5 is an example of a graphical representation 
of a contrast chart generated in a simulation test. 
Figure 6 is an overall illustration of the underwater 
laser image apparatus. 

Figure 7 is a block diagram of the electrical circuitry 



in the submersible vessel of the underwater laser 
imaging apparatus. 

Figure 8 is a block diagram of another embodiment 
of the electrical circuitry in the submersible vessel 
part of the underwater laser imaging apparatus. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Preferred embodiments will be presented in the fol- 
lowing with reference to the drawings. 

An example of simulation testing will be presented 
with reference to Figure 1 . 

In the drawing, a laser irradiation device 1 gener- 
ates a pulsed laser beam, of a specific pulsing rate, to 
be directed to an object 3 disposed at a distance R1, 
and images are observed in an imaging device 2 dis- 
posed at a distance R2. The object may be a test panel 
having, for example, a test pattern shown in Figure 2A, 
comprised of an alternating white sections (reference 
brightness section) and black sections (reference 
brightness section) arranged on a flat board. 

The imaging device 2 is disposed at a distance R2 
(visibility distance) from the object 3, and detects the 
intensity of the reflected laser beam pulses. The imaging 
device 2 has a shutter device which is synchronized to 
the pulsing frequency of the pulsed laser beam so as to 
detect the reflected beam pulses only during its open 
period (open duration: ta). A beam transmission medi- 
um 4 having a specific turbidity c is placed in the sepa- 
ration spaces, between the object 3 and the laser irra- 
diation device 1 , and between the object 3 and the im- 
aging device 2. 

Simulation testing is performed by a computer such 
as work station computer, which stores initial data, in its 
memory, for the various operating parameters related to 
the underwater operation of the laser imaging appara- 
tus. 

Some of the initial data are as follows: 

(1) Distance R1 from the object 3 to the laser irra- 
diation device; 

(2) Distance R2 (visibility distance) from the object 
3 to the image recording device 2; 

(3) Angle y between the normal line L to the object 
3 and the incidence direction of the pulsed laser 
beam; 

(4) Turbidity c of the beam transmission medium 
(acting as an attenuation coefficient for the pulsed 
laser beam); 

(5) Wavelength X of the pulsed laser beam; 

(6) A time function for laser pulsing; 

(7) Optica! parameters for the imaging device 2, 
such as aperture f, focal point distance and shutter 
opening duration ta; and 

(8) Image data for the test pattern. 

Also stored in the memory are various numerical 
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functions for computing the direct reflection components 
Ed, back scattered components Ebs, and forward scat- 
tered components Efs, according to the initial data. 
These functions express relations among the environ- 
mental parameters, such as the visibility distance R2 
and the turbidity c of the beam transmission medium 4. 
in terms of the initial data. One such relation is reported 
in a publication, by H. Ishimura, "Random Wave Prop- 
agation and Scattering in an Optical Medium" by Wash- 
ington University, Washington, USA. 

The simulation process may be broadly summa- 
rized as follows: the computer generates the values of 
the reflected beam intensity (brightness of the test im- 
age) captured by the imaging device 2, according to the 
simulation process programmed into the underwater la- 
ser imaging apparatus, using the initial data and other 
data input from input devices such as keyboard, and 
computes the contrast values for the white section 
brightness and the black section brightness as de- 
scribed later in more detail. The results of computation 
are displayed on a display or printer device. 

Details of the simulation process in the present em- 
bodiment will be discussed with reference to Figure 3. 

First, the parameters for the turbidity simulation 
range, i.e., a range of values G for the beam transmis- 
sion medium turbidity c, and the distance simulation 
range, i.e. a range of values H for the visibility distance 
R2, will be input through the keyboard and other means 
(step S1) as well as the number of nodes which relate 
to the simulation computation points for the turbidity 
chopping width Ac and the visibility distance chopping 
width Ar which are entered through the keyboard and 
other means (step S2). 

When the simulation ranges have been defined, the 
test pattern shown in Figure 2A is divided into a number 
of image elements M (an integer) in the X-axis direction 
(horizontal, for example), and into a number of image 
elements N (an integer) in the Y-axis direction (vertical, 
for example), and each image element is given coordi- 
nate values of its location for generating an image map 
(step 3). For instance, the test pattern is divided into a 
number of image elements, ranging from an element 
near the left top region defined by A11 to an element 
near the right bottom region defined by Amn, so that the 
entire image area is defined by a two dimensional array 
of A11~Aij (i, j are integers) — Amn. The image ele- 
ments relate to each other by their coordinate points 
x1 ~xi~xm in the horizontal direction and by the coordi- 
nates points yl~ yj— yn in the vertical direction. The im- 
age map may be stored in memory in a form of a table. 

In step S1 , when the values, of the minimum turbid- 
ity ca and the maximum turbidity cb for the turbidity 
range G and of the minimum visibility range R2a and the 
maximum visibility distance R2b for the visibility dis- 
tance range H, are input into the computer, the visibility 
distance R2 is initialized to the minimum visibility dis- 
tance R2a (step S4) and the turbidity c is initialized to 
the minimum turbidity ca (step S5). The following com- 



putations are then carried out. 

In step S6. brightness values for each of the image 
elements A11~Amn are computed. The computation 
steps will be explained with reference to Figure 4. 

5 First, the integer j is initialized to [1 ] (step Sa1 ), and 
the integer i is initialized to [1] (step Sa2) so that the 
processing for the image element A11 may be started. 
The shutter-open duration ta is divided into a P number 
of divisions (an integer) representing a number of time 

io elements t1~ tk (an integer k) ~ tp (step Sa3), and the 
integer k is initialized to [1] (step Sa4). By repeating the 
subsequent steps Sa5~Sa7 successively, the direct re- 
flection components Ed, the back scattered compo- 
nents Ebs and the forward scattered components Efs 

is are computed for each of the time divisions t1 — tk for the 
image element A11. 

In more detail, in step Sa5, the direct reflection com- 
ponents Ed, the back scattered components Ebs and 
the forward scattered components Efs are computed for 

20 the time element tl, and in step Sa6, it is examined 
whether the current value of integer k is equal to the 
value of integer P. Since the integer k is set to [1] at this 
time, judging result is [No], and the integer k is incre- 
mented in step Sa7, so that the steps Sa5~ Sa7 will be 

25 repeated until k=P is reached. 

When all the steps in Sa5~Sa7 are repeated P 
times so that the direct reflection components Ed, the 
back scattered components Ebs and the forward scat- 
tered components Efs are computed for all the time el- 

30 ements tl — tk, the result of examination in step Sa6 is 
[Yes], and, in step Sa8, averaged values of the direct 
reflection components Ed, the back scattered compo- 
nents Ebs and the forward scattered components Efs 
are computed to generate an average direct reflection 

35 component <Ed>, an average back scattered compo- 
nent <Ebs> and an average forward scattered compo- 
nent <Efs>. Brightness (intensity of reflected light) D11 
for the image element All is computed according to the 
following equation: 

40 

D11 =<Ed>/(<Ed>+<Ebs>+<Efs>) (1) 

Computations carried out in the steps Sa3~Sa9, 
45 presented above, are repeated in the following steps 
Sa10 and Sa11 for all the image elements A11— Ami 
along a row 1 in the horizontal direction. That is, in step 
Sa10, it is examined whether integer i is equal to integer 
M for the number of horizontal divisions of the image 
so element. If the judgment is [No], integer i is incremented 
in step Sa11 , and the steps Sa3~Sa9 are repeated for 
the image element A21 which is on the right column of 
image element A11. 

The series of computations, described above, are 
55 repeated M times so that the brightness values 
D11*~Dm1 for all the image elements A11~ Ami in the 
horizontal row 1 will be produced, and similarly in steps 
Sa1 2, Sal 3, brightness values D1 2~Dmn are produced 
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for all the image elements A12— Am2 and image ele- 
ments Aln~Amn in the vertical columns. All the steps in 
S6 will be completed when all the values of the bright- 
ness D11~Dmn for all the image elements A11~ Amn 
in the test pattern have been computed. s 

Returning to the main flowchart in Figure 3, in step 
S7 t an image element is selected, for example Aij an 
image element in the central region of the test pattern, 
and a ratio of the maximum and minimum brightness 
values is obtained to generate a contrast value between io 
the white and black sections, and this contrast value is 
stored to correspond with its location in the image map. 
It is permissible to compute all the contrast values from 
the values of the maximum and minimum brightness, by 
selecting all the image elements A11— Amn in this step is 
S7. 

The processing steps to this stage have determined 
the contrast values for a set of conditions of minimum 
turbidity ca and minimum visibility distance R2a. In the 
following steps SB and S9, contrast values for the entire 20 
range of turbidity range G will be computed. Specifically, 
in step S8, it is examined whether all the values of tur- 
bidity, from the minimum turbidity ca to the maximum 
turbidity cb, over the turbidity range G have been com- 
puted, and if the judgment is [No], then the current tur- 25 
bidity value c is incremented by a turbidity chopping 
width Ac in step S9, and all the steps subsequent to step 
S6 are repeated. 

When the turbidity value c exceeds the turbidity 
range G, the judgment in step S7 becomes [Yes], and it 30 
proceeds to steps S10 and S11 so that all the contrast 
values for the entire turbidity range G and the visibility 
range H will be generated. In step S12, the values of 
turbidity c and visibility distance R2 for a given value of 
contrast are separated and grouped together to produce 35 
contrast charts of visibility distance vs. turbidity for a 
family of curves of contrast parameters. Figure 5 shows 
a graphical representation of an example of such con- 
trast charts. 

Next, a color version of the underwater laser imag- 40 
ing apparatus will be illustrated with reference to Figures 
6 and 7. 

Figure 6 shows a support vessel 11 connected to a 
submersible unmanned vessel 12 though a cable 13. 
The support vessel 1 1 is provided with an electrical pow- 45 
er source 1 1 a to supply electrical power to the submers- 
ible vessel 12 and an image monitor 11 b to display im- 
ages of an observation object supplied from the sub- 
mersible vessel 12 traveling through a beam transmis- 
sion medium. so 

The submersible unmanned vessel 1 2 comprises a 
pressure containers 1 2a, 1 2b. a laser irradiation/imag- 
ing device 12c and a display device 12d. The pressure 
containers 12a, 12b are made to withstand high pres- 
sures, and protects the devices contained therein (to be ss 
described below) from hydrostatic pressures. Laser ir- 
radiation/imaging device 12c comprises an irradiation 
section 1 2cl and a beam receiver section 1 2c2 protected 



by pressure resistant glass arrangements. Pulsed laser 
beam is radiated from the irradiation section 12c! to- 
wards the underwater object, and the reflected beam 
pulses from the underwater object are captured by the 
beam receiver section 12c2. The display device 12d 
may be a liquid crystal display panel for displaying im- 
ages formed by the reflected beam pulses, because it 
is a small light weight device requiring low power con- 
sumption. 

Figure 7 shows a block diagram of the imaging sys- 
tem in which a laser irradiation device 14 comprises a 
red laser generation device 14R, a green laser genera- 
tion device 1 4G and a blue laser generation device 1 4B. 
The laser irradiation device 14 radiates a pulsed laser 
beam towards the observation object X. 

The red laser generation device 14R generates red 
laser pulses synchronized with a pulsing rate at 50 Hz 
at a center wavelength of 700 nm and a pulse width of 
6 ns, and may be made of any of the non-linear optical^ 
devices; such as yttrium aluminum garnet (YAG) laser 
capable of generating variable output wavelengths. 

The green laser generation device 14G generates 
green laser pluses synchronized with a pulsing rate at 
50 Hz, for example at a center wavelength of 540 nm 
and a pulse width of 6 ns, and is comprised by the same 
variable wavelength YAG laser. 

The blue laser generation device 14B generates 
blue laser pluses synchronized with a pulsing rate at 5 
0 Hz at a center wavelength of 450 nm and a pulse width 
of 6 ns, and is comprised by the same variable wave- 
length YAG laser. The laser pulses of red, green and 
blue colors generated, respectively, from the red, green 
and blue laser generation devices, 14R, 14G and 14B, 
are synchronized with the respective pulsing rates by 
Q-switching to provide output pulses of stable wave- 
lengths and high output power. 

The pulse generation device 15 generates synchro- 
nizing pulses to be supplied to the red, green and blue 
laser generation devices 14R, 14G and 14B, and to a 
signal delay detection device 16. 

The optical system 1 7 includes such light optical de- 
vices as zoom lenses and reflector mirrors, and per- 
forms the function of capturing the reflected beams (red, 
green and blue laser pulses) reflected from the object 
and propagating them to an optical splitter device 8. The 
optica! system 17 aligns the focal point of the reflected 
beam pulses with the beam receiving surface of the la- 
ser beam detection device 1 9 in accordance with the 
focusing signals supplied from the signal delay detec- 
tion device 16. The optical splitter 18 may be a semi- 
transparent mirror so as to transmit a portion of the re- 
flected beam to the laser beam detection device 1 9, and 
the remainder to an optical beam detection device 20. 

The optical beam detection device 20 receives re- 
flected beams which exhibit a two-dimensional spread 
of a diffused beam, and converts a portion thereof, for 
example its center intensity, to electrical signals to out- 
put to the signal delay detection device 16. The signal 
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delay detection device 16 measures the chronological 
delays (i.e., phase difference) between the synchroniz- 
ing signals, output from the pulse generation device 15 
to the device 16, and the arrival times of the reflected 
beams, to generate delay signals to be supplied to the 
laser beam detection device 1 9. The signal delay detec- 
tion device 16 also determines the level of strength of 
the arrival signals, and feedback the data to the optical 
system 14 as focusing signals related to the intensities 
of the reflected beams. 

The laser beam detection device 19 comprises a 
red laser beam detection device 19R, a green laser 
beam detection device 1 9G and a blue laser beam de- 
tection device 1 9B. The red laser beam detection device 
1 9R is a type of highly sensitive solid-state camera com- 
prising an image intensifier (which is an optical amplifier 
having a red filter and a shutter), pixel elements, and a 
scanning device. 

The red laser beam detection device 1 9R separates 
out only the reflected beams of the red wavelength out- 
put from the red laser generation device 1 4R, and con- 
trots opening and closing of the shutter device of the 
image intensifier, according to the delay signals, so that 
the pixel elements respond only during the durations of 
shutter opening for the red reflection signals. Then, it 
scans the red reflection beams radiating on the pixel el- 
ements in two-dimensions, from a given end on the 
screen to the opposite end successively so as to convert 
the reflected beam signals to the red component image 
signals to complete the red image portion of the three 
primary colors. 

The green laser beam detection device 19G is a 
type of highly sensitive solid-state camera comprising 
an image intensifier (which is an optical amplifier includ- 
ing a green filter and a shutter), pixel elements, and a 
scanning device. The green laser beam detection de- 
vice 19G separates out only the green reflection beams 
of the green wavelength output from the green laser 
generation device 1 4G, and controls opening and clos- 
ing of the shutter device of the image intensifier, accord- 
ing to the delay signals, so that the pixel elements re- 
spond only during the durations of shutter opening for 
the green reflection signals. Then, it scans the diffuse 
green reflection beams radiating on the pixel elements 
in two-dimensions, from a given end on the screen to 
the opposite end successively so as to convert the re- 
flected beam signals to the green component image sig- 
nals to complete the green image portion of the three 
primary colors. 

The blue laser beam detection device 1 9B is a type 
of highly sensitive solid-state camera comprising an im- 
age intensifier (which is an optical amplifier including a 
blue filter and a shutter), pixel elements, and a scanning 
device. The blue laser beam detection device 1 9B sep- 
arates out only the blue reflection beams of the blue 
wavelength output from the blue laser generation device 
1 4B, and controls opening and closing of the shutter de- 
vice of the image intensifier, according to the delay sig- 



nals, so that the pixel elements respond only during the 
durations of shutter opening for the blue reflection sig- 
nals. Then, it scans the diffuse blue reflection beams 
radiating on the pixel elements in two-dimensions, from 

5 a given end on the screen to the opposite end succes- 
sively so as to convert the reflected beam signals to the 
blue component image signals to complete the blue im- 
age portion of the three primary colors. 

The image processing device 1 2 processes the red, 

io green and blue image signals according to various sig- 
nal conditioning steps, such as noise reduction and out- 
line intensification, and the processed signals are syn- 
thesized to produce composite image signals to be out- 
put to the display device 1 2d and the image monitor 11b. 

15 The underwater laser imaging apparatus providing 
three-primary-color images operates in the following 
manner. Red, green and blue laser pulses synchronized 
to the pulse generation device 15 are radiated towards 
the underwater object X and propagate through the wa- 

20 ter medium, and the reflected beams of the individual 
color components are similarly propagated through the 
water medium, and are received, through the optical 
system 17 and the optical splitter 18, by the respective 
red, green and blue laser beam detection devices 19R, 

25 1 9G and 1 9B. Focusing lenses in the optical system 17 
are adjusted according to the focusing signals produced 
by the signal delay detection device 1 6 to align the focal 
points of the reflected color beams with the respective 
beam receiving surfaces of the pixel elements. 

30 In the red laser beam detection device 19R, only 
the red reflections are allowed to pass through the red 
filter, and the intensity values are measured and digi- 
tized to be scanned into red image signals which are 
output to the image processing device 21. Simultane- 

35 ousfy, in the green laser beam detection device 19G, 
only the green reflections are allowed to pass through 
the green filter, and the intensity values are measure 
and digitized to be scanned into green image signals, 
and are output to the image processing device 21 . Also, 

40 simultaneously, in the blue laser beam detection device 
19B, only the blue reflections are allowed to pass 
through the blue filter, and the intensity values are meas- 
ured and digitized to be scanned into blue image sig- 
nals, and are output to the image processing device 21 . 

45 in the process of imaging the underwater object X, 
the intensity values of the reflected signals are meas- 
ured intermittently, that is, by detecting only those re- 
flected beam pulses existing during the time period of 
its own beam generation, by controlling opening and 

so closing of the shutter according to delay signals. Spe- 
cifically, the laser pulses traveling through the turbid me- 
dium are scattered by the suspended particles in the 
medium. In other words, the reflected beam pulses cap- 
tured by the optical system 17 include direct reflection 

55 beams and scattered reflection beams produced by the 
beams reflected by the object X. Because the optical 
path of the direct reflection beams is different from the 
optical path of the scattered reflection beams, they ar- 
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rive at the optical system 17 at different times. There- 
fore, by controlling the action of the shutter device in 
accordance with the arrival times of the direct reflection 
beams, only the direct reflection beams are measured, 
and the scattered beams, which form a noise compo- 
nent, can be eliminated. 

Accordingly, red, green and blue imaging signals, 
based only on direct reflection beams, are synthesized 
into a composite image after being processed in the im- 
age processing device 21, with noise filtering, outline 
intensification and other image upgrading steps. In other 
words, the composite imaging signals are produced by 
illuminating the object with a pulsed laser beam of good 
linearity and monochromatic wavelength, and are pro- 
duced only from direct reflection beams so as to result 
in images that are crisp and contain few noises. 

The use of the underwater color laser imaging ap- 
paratus presented in the foregoing embodiment was il- 
lustrated in a turbid water medium having suspended 
particles, but the application of the present apparatus is 
not limited to such an environment. It should be noted 
that other transmission media, such as air having float- 
ing particles which scatter illumination lighting, are 
equally applicable. 

Figure 8 presents another embodiment of the ap- 
paratus to generate even more clear images. The ex- 
ternal appearance of the apparatus is the same as that 
shown in Figure 6. 

The laser generation device 24 is a laser generator 
based on a non-linear optical material, similar to the 
YAG laser presented above. A laser generator 14 is a 
variable wavelength beam generator, and produces la- 
ser pulses having different wavelengths according to the 
wavelength selection signal supplied from a pulse gen- 
eration device 25. The wavelengths can be varied in a 
range from 480 to 610 nm, as an example. 

The laser generation device 24 generates pulses 
synchronous with the pulse signals supplied from the 
pulse generation device 25, and uses a frequency of 50 
Hz, for example, to generate a pulse width of 5 ns. In 
this case, the laser generation device 24 may utilize a 
synchronization technique based on Q-switching to pro- 
duce high power laser pulses efficiently from a supply 
voltage delivered by a laser generation power source 
26. 

Electrical power to the submersible vessel 12 is 
supplied from an alternating current power supply 11a 
on board the support vessel 1 1 , which is capable of sup- 
plying several thousand volts, and the laser generation 
power supply 26 transforms the primary high voltage in- 
to, for example, an alternating current at 200 volts and 
60 Hz, to supply power to the laser generation device 
24 and a cooling device 27. 

The cooling device 27 is used to provide cooling to 
the laser generation device 24 by taking in, for example, 
water surrounding the pressure containers 1 2a. The use 
of surrounding water for cooling enables the size of the 
cooling device 27 to be made small, and the cooling ef- 



ficiency to increase. The pulse generation device 25 out- 
puts wavelength selection signal, for enabling to select 
a suitable wavelength, to the laser beam generation de- 
vice 24, and outputs synchronizing pulses to laser gen- 
s eration device 24 and signal delay detection device 28. 
The optical system 29 is comprised of lenses and 
mirrors and the like, and guides the laser pulses output 
from the laser generation device 24 to the irradiation 
section 12cl and selects a suitable spot diameter of the 
pulsed beam for illuminating the object X. 

In this case, because the laser generation device 
24 is located in the submersible vessel 12, the laser 
pulses can be directed to the object X without the need 
to propagate through an optical transmission medium, 
such as optical fiber, which limits the optical energy (lu- 
minous flux) that can be transmitted. 

The optical splitter 30 may comprise a semi-trans- 
parent mirror, and transmits a portion of the pulses re- 
flected from the object X to a laser beam detection de- 
vice 31 and reflects the remainder of the reflected pulses 
to an optical beam detection device 32. 

The optical beam detection device 32 selects puls- 
es from a certain location of the diffused reflected pulses 
which spread back to the object in a two-dimensional 
space, for example, the central section. The intensity of 
the central pulses are converted into corresponding 
electrical intensity signals to be output to the signal de- 
lay detection device 28. The signal delay detection de- 
vice 28 determines the time difference (phase differ- 
ence) between the electrical intensity signals and the 
synchronizing pulses, and forwards the time data as de- 
lay signals to the laser beam detection device 31 . and 
also determines the level of the electrical intensity sig- 
nals and forwards the data, as intensity related focusing 
signals, to the laser beam detection device 31 . 

The laser beam detection device 31 is a type of sen- 
sitive camera, and comprises an image intensifier, 
which is an optical amplifier having a focus lens and 
shutter function, pixel elements and a scanning device. 
The laser beam detection device 31 adjusts the focusing 
lens according to the focusing signals to match the focal 
point of the reflected beams with the light receiving sur- 
face of the pixel elements, as well as operates the shut- 
ter device by controlling the image intensifier according 
to the delay signals so that the pixel elements respond 
only during that time period in which the first-to-arrive 
pulses are being received. The reflected pulses with a 
two-dimensional spread in intensity are successively 
scanned starting from one edge of the pixel elements to 
convert the intensity data into an image of the object X, 
and outputs the image signals to the image processing 
device 33. 

The image processing device 33 provides image 
conditioning steps, such as reducing the noise and in- 
tensifying the outlines, to the image signals, and outputs 
the processed image signals to the display device 12d 
and the image monitor 11b. Although not shown in the 
drawings, all of the above devices, excepting the laser 
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generation device 24 and the cooling device 27 , are sup- 
plied with electrical power form dedicated power cir- 
cuits. These power circuits are operated by rectifying the 
alternating current power supplied by the power source 
11a. 5 

Most of the devices mentioned above, inclusive of 
the laser generation device 24 to image processing de- 
vice 33, are stored in the submersible vessel 12, how- 
ever, the laser generation device 24, which consumes 
high power and generates high heat, is stored along with 10 
the cooling device 27 inside the pressure container 1 2a, 
and other devices are stored in the pressure container 
12b. All of these devices are controlled through a con- 
troller which is not shown in the drawing. 

The operation of the laser imaging device of the is 
second embodiment will be presented. 

First, before any attempt is made to observe the ob- 
ject X, it is necessary to select optimum scanning wave- 
lengths for the laser pulses. More specifically, the irra- 
diation and imaging device 1 2c is directed at the under- 20 
water object by a diver or by control action from the sup- 
port vessel 11, then the object X is successively 
scanned with the laser pulses according to a wavelength 
selection signal, starting with the shortest wavelength, 
i.e., 480 nm, generated from the laser generation device 25 
24. The process of scanning is continued with a series 
of wavelengths longer than 480 nm, which are output 
successively from the laser generation device 24. The 
scanning wavelengths are varied over a range between 
480~610 nm, either continuously or discontinuously in 30 
steps of a given small range of wavelengths. 

These scanning beams are directed through the 
water medium successively to the object X from the op- 
tical system 29, and the reflected beams are detected 
by the optical beam detection device 32, which outputs 35 
intensity signals, showing the intensity values of the re- 
flected beams for the various scanning wavelengths, 
are output to the signal delay detection device 28. 

It should be noted that the transmissivity of the laser 
pulses through the water medium is wavelength-de- 40 
pendent, in relation to the characteristics of the water 
medium such as turbidity and the size of suspended par- 
ticles. In other words, a wavelength for maximizing the 
reflected intensity measured by the optical beam detec- 
tion device 32 is different for different qualities of the wa- *5 
ter medium existing between the submersible vessel 1 2 
and the object X. By comparing the levels of the meas- 
ured intensity signals for different test wavelengths, the 
signal delay detection device 28 is able to select a wave- 
length which provides the maximum transmission so 
through the existing water medium (an optimum wave- 
length). For example, if the optimum wavelength is 
found to be 550 nm, the signal delay detection device 
28 instructs the laser generation device 24 to select a 
wavelength of 550 nm as the operational wavelength for 55 
scanning the object X. 

Scanning of the object X is performed using the op- 
erational wavelength of 550 nm as the optimum wave- 
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length for the existing condition of the water medium. 
The laser pulses are then directed to the object X, and 
for the imaging process, the focusing signals generated 
according to the intensity of the reflected beams are 
supplied from the optical beam detection device 32 to 
the laser beam detection device 31 , and focusing is per- 
formed by matching the focal point of the reflected 
beams with the beam receiving surface of the pixel ele- 
ment. 

Further, the shutter timing of the image intensifier is 
controlled according to the delay signals generated by 
the reflected beam pulses so that the pixel elements are 
responsive only during the time periods in which the 
fastest-arriving pulses are being received by the pixel 
elements. By controlling the shutter timing in this man- 
ner, scattered beams generated by the suspended par- 
ticles existing in the water medium between the sub- 
mersible vessel 12 and the object X are eliminated so 
that only those reflected pulses reflecting directly from 
the object X are detected in the laser beam detection 
device 32. 

Continuing with the imaging process, the intensities 
of the reflected beam pulses which are radiating on the 
pixel elements in a two-dimensional space are scanned 
starting from a given end section successively across 
the pixels to form image signals of the object X which 
are output to the display device 33. The image signals 
are subjected to image conditioning steps, such as re- 
duction of noise and intensifying of the outlines, in the 
image processing device 33 and are then output to the 
display device 1 2d and the monitor 1 1 a. The display de- 
vice 12d and the monitor 11a can then display a clear 
image of the object X. 

According to the laser imaging apparatus of the sec- 
ond embodiment, the laser generation device 24 and the 
cooling device 27 are made compact enough to be 
housed in the pressure container 1 2a of the submersible 
vessel 12. The cooling device 27 is able to utilize sur- 
rounding water effectively for cooling the laser genera- 
tion device 24. Therefore, compared with the conven- 
tional laser imaging equipment which provides a laser 
generation device on the support vessel so that laser 
beams must be transmitted through an optical fiber ca- 
ble, the intensity of the laser pulses for scanning the ob- 
ject can be increased significantly. The result is that the 
width of the laser pulse can be narrowed, so as to elim- 
inate the scattered pulses caused by the suspended 
particles in the water medium, to generate crisp clear 
images having reduce background noise. 



Claims 

1. A method for simulating an imaging process of an 
underwater object comprising the steps of: 

preparing a test panel comprising a plurality of 
reference brightness sections of different re- 
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fiecttve qualities for simulating said underwater 
object; 

irradiating a pulsed laser beam towards said 
test panel; and 

processing reflected beam pulses and comput- 
ing contrast values of said test panel, reflecting 
from said reference brightness sections, in re- 
lation to a turbidity value of a beam transmis- 
sion medium and an visibility distance. 

2. A method according to claim 1 , wherein said test 
panel comprises a plurality of black stripes pre- 
pared on a white background panel. 

3. A method according to claim 1 , wherein said step 
of computing contrast values is performed including 
the steps of: dividing an object image of said test 
panel into a plurality of image elements; and com- 
puting contrast values according to a maximum val- 
ue and a minimum value of brightness of said re- 
flected beam pulses in each image element. 

4. A method according to claim 2, wherein said step 
of computing contrast values is performed including 
the steps of: dividing an object image of said test 
panel into a plurality of image elements; and com- 
puting contrast values according to a maximum val- 
ue and a minimum value of brightness of said re- 
flected beam pulses in each image element. 

5. A method according to claim 1 , wherein said step 
of computing contrast values is performed including 
the steps of: computing a direct reflection compo- 
nent, a back scattered component and a forward 
scattered component of said reflected beam pulses, 
and computing contrast values in association with 
said direct reflection component, said back reflec- 
tion component and said forward scattered compo- 
nent. 

6. A method according to claim 2, wherein said step 
of computing contrast values is performed including 
the steps of: computing a direct reflection compo- 
nent, a back scattered component and a forward 
scattered component of said reflected beam pulses, 
and computing contrast values in association with 
said direct reflection component, said back reflec- 
tion component and said forward scattered compo- 
nent. 

7. A method according to claim 3, wherein said step 
of computing contrast values is performed including 
the steps of: computing a direct reflection compo- 
nent, a back scattered component and a forward 
scattered component of said reflected beam pulses, 
and computing contrast values in association with 
said direct reflection component, said back reflec- 
tion component and said forward scattered compo- 



nent. 

8. A method according to claim 1 , wherein said step 
of computing contrast values is performed including 

s the steps of: capturing reflected beam pulses 
through each of a shutter open duration; dividing 
said shutter open duration into a plurality of time el- 
ements; and computing contrast values according 
to an average value of said reflected beam pulses 

10 in each of said time elements. 

9. A method according to claim 2, wherein said step 
of computing contrast values is performed including 
the steps of: capturing reflected beam pulses 

'5 through each of a shutter open duration; dividing 
said shutter open duration into a plurality of time el- 
ements; and computing contrast values according 
to an average value of said reflected beam pulses 
in each of said time elements. 

20 

10. A method according to claim 3, wherein said step 
of computing contrast values is performed including 
the steps of: capturing reflected beam pulses 
through each of a shutter open duration; dividing 

2S said shutter open duration into a plurality of time el- 
ements; and computing contrast values according 
to an average value of said reflected beam pulses 
in each of said time elements. 

30 11. A method according to claim 4, wherein said step 
of computing contrast values is performed including 
the steps of: capturing reflected beam pulses 
through each of a shutter open duration; dividing 
said shutter open duration into a plurality of time el- 

35 ements; and computing contrast values according 
to an average value of said reflected beam pulses 
in each of said time elements. 

12. A method according to claim 1, wherein said con- 
*o trast values are computed according to said reflect- 
ed beam pulses from a central region of each of said 
image elements. 

13. A method according to claim 2, wherein said con- 
45 trast values are computed according to said reflect- 
ed beam pulses from a centra! region of each of said 
image elements. 

14. A method according to claim 3, wherein said con- 
so trast values are computed according to said reflect- 
ed beam pulses from a central region of each of said 
image elements. 

15. A method according to claim 4, wherein said con- 
ss trast values are computed according to said reflect- 
ed beam pulses from a central region of each of said 
image elements. 
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16. A laser imaging apparatus for observing an under- 
water object disposed in a beam transmission me- 
dium comprising: 

a laser generation device for generating three 
primary colors of visible light, each color com- 
prised by a pulsed laser beam having a respec- 
tive wavelength, and irradiating pulsed laser 
beams towards said underwater object; 
a laser beam detection device for separating re- 
flected beam pulses reflecting from said under- 
water object into a wavelength component rep- 
resenting each of said three primary colors, de- 
termining an intensity value for each of three 
wavelength components and outputting three 
primary color signals according to intensity val- 
ues; and 

an imaging device for forming an image of said 
underwater object based on said three primary 
color signals. 

17. An apparatus according to claim 16, wherein said 
beam transmission medium is a turbid water. 

18. An apparatus according to claim 17, wherein said 25 
laser generation device and said laser beam detec- 
tion device are disposed in an unmanned submers- 
ible vessel. 

19. An underwater laser imaging apparatus compris- 30 
ing: 

a laser irradiation device disposed underwater 
for irradiating an underwater object with a 
pulsed laser beam; 

a laser generation device disposed underwater 
for generating said pulsed laser beam; 
a laser beam detection device for receiving re- 
flected beam pulses reflected from said under- 
water object; and 

an image processing device for forming images 
of said underwater object according to output 
signals from said laser beam detection device. 

20. An apparatus according to claim 1 9, wherein said 45 
laser irradiation device is provided with a cooling 
device utilizing surrounding water for cooling said 
laser generation device. 
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